The current report examines the interactions of silver nano particles (Ag-NPs) with the cerebral microvasculature to identify the involvement of proinflammatory mediators that can increase blood-brain barrier (BBB) permeability. Primary rat brain microvessel endothelial cells (rBMEC) were isolated from adult Sprague-Dawley rats for an in vitro BBB model. The Ag-NPs were characterized by transmission electron microscopy (TEM), dynamic light scattering, and laser Doppler velocimetry. The cellular accumulation, cytotoxicity (6.25-50 mg/cm 3 ) and potential proinflammatory mediators (interleukin [IL]-1b, IL-2, tumor necrosis factor [TNF] a, and prostaglandin E 2 [PGE 2 ]) of Ag-NPs (25, 40, or 80 nm) were determined spectrophotometrically, cell proliferation assay (2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide) and ELISA. The results show Ag-NPs-induced cytotoxic responses at lower concentrations for 25 and 40 nm when compared with 80-nm Ag-NPs. The proinflammatory responses in this study demonstrate both AgNPs size and time-dependent profiles, with IL-1B preceding both TNF and PGE 2 for 25 nm. However, larger Ag-NPs (40 and 80 nm) induced significant TNF responses at 4 and 8 h, with no observable PGE 2 response. The increased fluorescein transport observed in this study clearly indicates size-dependent increases in BBB permeability correlated with the severity of immunotoxicity. Together, these data clearly demonstrate that larger Ag-NPs (80 nm) had significantly less effect on rBMEC, whereas the smaller particles induced significant effects on all the end points at lower concentrations and/or shorter times. Further, this study suggests that Ag-NPs may interact with the cerebral microvasculature producing a proinflammatory cascade, if left unchecked; these events may further induce brain inflammation and neurotoxicity.
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Silver nanoparticles (Ag-NPs) are small (1-100 nm in size) metallic colloidal particles widely used in the engineering, manufacturing, and biomedicine. Currently, there a several consumer products that contain various silver nanoparticles for their antimicrobial properties. The impact on human health of these metallic colloidal nanoparticles has not been adequately evaluated. With respect to blood-brain barrier (BBB) function and neurotoxicity, studies have shown that silver nanoparticles introduced into the systemic blood supply can induce BBB dysfunction, astrocyte swelling, in addition to, causing neuronal degeneration (Sharma et al., 2009a (Sharma et al., , 2009b . However, a comprehensive understanding of how Ag-NPs induce BBB dysfunction and neurotoxicity at the cellular level from the systemic blood supply remains largely unknown. Therefore, the current report examines the interactions of various sized commercially available silver nanoparticles (Ag-NPs) (25, 40, and 80 nm) with the cerebral microvasculature to identify the involvement of proinflammatory mediators in the increased BBB permeability associated with Ag-NPs exposure via the systemic blood supply. To our knowledge, this report is the first to evaluate the molecular mechanisms and integrity of the BBB in vitro following exposure to Ag-NPs. The primary brain microvessel endothelial cells (BMEC) isolated from cerebral cortices provide a well-suited in vitro model to evaluate BBB molecular mechanisms and transport characteristics in a high-throughput manner (Audus and Borchardt, 1987; Franke et al., 1999 Franke et al., , 2000 Weber et al. 1993) . These in vitro model systems grow polarized cell monolayers representative of the BBB (Audus and Borchardt, 1987; Franke et al., 1999 Franke et al., , 2000 Weber et al., 1993) . Since the discovery of the BBB by Ehrlich in 1885, the BBB is now considered a highly specialized organ tissue that serves as a barrier regulating the entry of molecules and substances into the brain from the systemic blood supply.
However, immunological, chemical, or physical insult can cause a dysfunction of the BBB, resulting in increased permeability of the brain capillaries and allowing the entry of substances into the brain from the blood that would normally be excluded. To date, several serious cerebral inflammatory disorders are associated with a compromised BBB (Langford and Masliah, 2001; Sharief et al., 1992 Sharief et al., , 1993 . The severity of BBB disruptions associated with these cerebral inflammatory diseases is directly proportionate to the severity of the clinical condition (Beaumont et al., 2002; Langford, 2001) .
Inflammation is mediated by a concerted production of inflammatory mediators, such as cytokines (interleukin-1 beta , tumor necrosis factor alpha [TNFa]), chemokines, adhesion molecules, and enzymes (cyclooxygenase, nitric oxide synthase, and matrix metalloproteinase [MMP] ) that regulate the infiltration of peripheral leukocytes into the brain tissues and contribute to brain damage (Barone and Feuerstein, 1999; . One of the major targets for these inflammatory mediators is the cerebral microvasculature, and isolated primary cerebral microvessel endothelial cells have been well correlated with event cascades that release proinflammatory cytokines in vitro (Claudio et al., 1994; Deli et al., 1995; de Vries et al., 1996) and in vivo (Abraham et al., 1996; Buttini et al., 1996; Claudio et al., 1994; Deli et al., 1995; de Vries et al. 1996; Saito et al., 1996) . TNF or IL-1B have also been shown to increase brain microvascular permeability (Abraham et al., 1996; Didier et al., 2003; Deli et al., 1995; de Vries et al., 1996; Fiala et al., 1997; Mark and Miller, 1999; Mark et al., 2001; Mayhan, 2002; Saija et al., 1995; Tsao et al., 2001) . Previous studies have linked the effects of TNF on the cerebral vasculature with several second messengers including vasodilators like prostaglandin E 2 (PGE 2 ) and nitric oxide (Bove et al., 2001; Horton, 2003; Mark et al., 2001; Vadeboncoeur et al., 2003) . These well-correlated event cascades provide a sound foundation to utilize an in vitro model of the BBB to examine the proinflammatory mechanisms involved in the increased brain permeability following exposure to Ag-NPs. This approach will exclude other confounding variables associated with immunoresponsive hematopoietic cells.
In the current study, primary cultured rat brain microvessel endothelial cells (rBMEC) were used as an in vitro model system to examine the cellular accumulation, the changes in proinflammatory mediators, along with the changes in monolayer morphology and permeability following exposure to Ag-NPs similar to systemic blood supply route of exposure. The current report demonstrates that Ag-NPs accumulate with rBMEC in a size-dependent manner. The cellular association of Ag-NPs produces significant cytotoxicity and induces the release of cytokines and other inflammatory mediators from the rBMEC cell monolayers. The specific changes in the proinflammatory mediators correlate to morphological changes and increased permeability in rBMEC. The interactions of Ag-NPs at the apical surface (blood side) of the cerebral microvasculature produce several time-dependent proinflammatory mediators that may be the initial responses in BBB dysfunction, astrocyte swelling, and neuronal degeneration associated with Ag-NPs following systemic blood supply exposure previously reported (Sharma et al., 2009a (Sharma et al., , 2009b .
MATERIALS AND METHODS
Nanoparticle characterization using transmission electron microscopy. Transmission electron microscopy (TEM) characterization was performed to obtain the primary particle size and morphology of nanoparticles using a Hitachi H-7600 tungsten-tip instrument at an accelerating voltage of 100 kV. Nanoparticles were examined after dilution of nanoparticle stock solutions to 100 lg/cm 3 suspensions in water and subsequent deposition of 5 ll onto formvar-carbon-coated copper TEM grids which were then dried. Image J software was then used to measure the nanoparticles. The mean and SD of particle sizes was calculated from measuring over 100 nanoparticles in random fields of view in addition to the images showing the general morphology of the nanoparticles as previously described (Murdock et al., 2008) .
Nanoparticle characterization using dynamic light scattering and laser Doppler velocimetry. Dynamic light scattering (DLS) and laser Doppler velocimetry (LDV), for characterization of size and zeta potential of the nanoparticles in solution, respectively, were performed on a Malvern Instruments Zetasizer Nano-ZS instrument. Samples were examined after dilution of nanoparticle stock solutions to 100 lg/cm 3 suspensions in DI water and rBMEC complete media, vortexed to provide a homogeneous solution, and then 1 cm 3 was transferred to a Malvern Clear Zeta Potential cell for DLS and LDV measurements (water dispersion) or to a 1-cm 2 plastic cuvette for DLS (media dispersion) as previously described (Murdock et al., 2008) .
Cell isolation and culturing. rBMEC were isolated from a modified method as previously described (Audus and Borchardt, 1987) . Briefly, the meninges were removed from the brain tissue of fresh rat (adult, SpragueDawley) cerebral cortices and mechanically homogenized through a 100-lm mesh screen. ], and amphotericin B [2.5 lg/cm 3 ]) was set up by centrifugation (60 min at 39,200 3 g). The digested capillaries were centrifuged (10 min, 1700 3 g) to remove the enzymatic treatment and resuspended in isolation media and pipetted into the percoll gradient tubes. The rBMEC cells were then separated by centrifugation (10 min at 1700 3 g). The freshly isolated rBMEC were extracted from the percoll gradient (3 cc syringe), pelleted, and resuspended in complete media (45% [vol/vol] The cellular association and accumulation of silver nanoparticles in rBMEC. The extent of cellular accumulation for the various sized Ag-NPs in rBMEC was evaluated spectrophotometrically (microplate reader at 450 nm). In these studies, the cell monolayers were seeded in standard six-well tissue culture plates (seeding density of 500,000 cells/cm 2 ) and cultured until confluence in a humidified chamber at 37°C supplemented with complete growth media as described above. Confluent cell monolayers were treated with a single bolus suspension of the various sized Ag-NPs for various times (30-60 min) (final dose 10.4 lg/cm 2 ) (concentration 50 lg/cm 3 , volume of 2 cm 3 , and surface area of 9.6 cm 2 ). The cell monolayers were then washed three times with ice-cold PBS and lysed (1% Triton-X [vol/vol] with protease inhibitor cocktail). The cell monolayer lysates (100 ll) and extracellular media (100 ll) were evaluated for the accumulated fraction of Ag-NPs. The fraction accumulated was normalized by total cellular protein by the BCA method as previously described (Bachmeier et al., 2004 (Bachmeier et al., , 2006 Trickler et al., 2008, Trickler et al.) . The cellular data are presented as a percent of Ag-NPs accumulated per milligram total cellular protein (mean ± SD, n ¼ 3).
The cytotoxicity profile of various sized silver nanoparticles. The cell viability of rBMEC following exposure to various sized Ag-NPs was determined by measuring the mitochondrial dependent reduction of colorless 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide (XTT) to a blue-colored formazan crystals. Briefly, the cells were seeded in a 96-well cell culture plate at a density of 5000 cells/well in 100 ll of growth media and cultured until confluence in complete growth media. The cells were treated with various sized Ag-NPs (25, 40, and 80 nm) for 24 h (dose range: 1.95-15.63 lg/cm 2 ) (6.25-50 lg/cm 3 , volume of 0.1 cm 3 , and surface area of 0.32 cm 2 ), then gently washed three times with ice-cold PBS (pH 7.4), and supplied with fresh growth media (150 ll/well) containing fresh XTT reagent (300 lg/cm 3 ) and phenazine methosulfate (37.5lM final concentration) and further incubated for 2 h at ambient temperature. The absorbance was determined using a microplate reader at 450 nm with reference wavelength of 650 nm. The absorbance data were analyzed and corrected for interference by subtracting absorbance of the Ag-NPs and cells prior to the addition of XTT reagents. The data are presented as percent survival of control monolayers receiving media alone (mean ± SD, n ¼ 3).
rBMEC monolayer morphology following exposure to various silver nanoparticles. The rBMEC monolayer morphology was evaluated following exposure to various sized Ag-NPs was evaluated microscopically. In these studies, the cell monolayers were cultured in standard six-well tissue culture plates at a seeding density of 500,000 cells/cm 2 and cultured until confluence in a humidified chamber at 37°C supplemented with complete growth media as described above. Confluent cell monolayers were treated with the various sized Ag-NPs for 24 h (final dose 5.2 lg/cm 2 ) (concentration 25 lg/cm 3 , volume of 2 cm 3 , and surface area of 9.6 cm 2 ). The cell monolayers were viewed using a Nikon Eclipse TiE inverted microscope system with Fi1-L2 camera, differential interference contrast, and Phase contrast (utilizes NIS-Elements Advanced Research software version 3.1). The micrographs are representative of three monolayers, and the alterations in cell morphology and monolayer integrity were noted.
Prostaglandin E 2 release in rBMEC. The release of PGE 2 from the rBMEC monolayers was determined using a PGE 2 -specific ELISA kit (R&D Systems, Cambridge, MA). Cross-reactivity for other prostaglandins was 70, 16.3, 1.4, and 0.7% for PGE 1 , PGE 3 , PGF 1a , and PGF 2a respectively. Confluent rBMEC monolayers grown on six-well culture plates were placed in fresh complete culture media (2 cm 3 ) 24 h prior to silver nanoparticle exposure. After 24 h, the cell monolayers were treated with the various sized Ag-NPs (final dose 10.4 lg/cm 2 ) (concentration 50 lg/cm 3 , volume of 2 cm 3 , and surface area of 9.6 cm 2 ). Media was sampled (50 ll) at various time points following exposure to Ag-NPs (0-8 h) for use in the PGE 2 ELISA. The amount of PGE 2 released into the culture media was standardized based on the protein content of the cell monolayers, as determined by BCA protein assay. The results are presented as the average amount of PGE 2 per milligram protein (mean ± SEM, n ¼ 3).
Cytokine release in rBMEC. The release of TNFa, IL-1b, and IL-2 were determined in rBMEC monolayers in response to silver nanoparticle exposure. The cytokines were measured using commercially available ELISA kits (R&D Systems). Cross-reactivity for TNFa and IL-1b from other species and other cytokines was not observed, and the limit of detection was less than 6 and 15 pg/cm 3 , respectively. Confluent rBMEC monolayers grown on six-well culture plates were placed in fresh complete culture media (2 cm 3 ) 24 h prior to the experiment. After 24 h, the cell monolayers were treated with the various sized Ag-NPs (final dose 10.4 lg/cm 2 ) (concentration 50 lg/cm 3 , volume of 2 cm 3 , and surface area of 9.6 cm 2 ). Media was sampled (50 ll) at various time points following Ag-NPs exposure (0-8 h) and processed as described in the ELISA protocol. Concentrations of TNFa, IL-1b, and IL-2 released into the culture media were corrected for the amount of cellular protein as determined by BCA protein assay. The results are presented as the average amount of cytokine per milligram protein (mean ± SEM, n ¼ 3).
Silver nanoparticle exposure effects permeability in rBMEC. The effects of various sized Ag-NPs exposure on the permeability of primary rBMEC monolayers were determined as described previously (Mark and Miller, 1999; Mark et al., 2001; Trickler et al., 2005) . Briefly, the freshly isolated rBMEC were plated in triplicates at a seeding density of 50,000 cells/cm 2 on collagencoated, fibronectin-treated, polycarbonate membrane inserts, and cultured until confluence (12 mm; 3.0 lm pore size, Costar Transwell 12-well, Cambridge, MA). Complete culture media from confluent rBMEC monolayers was replaced 24 h prior to the start of the experiment. The various sized Ag-NPs were diluted in complete culture media and spiked into the apical chamber (final dose 10.1 lg/cm 2 ) (concentration 15 lg/cm 3 , volume of 0.6 cm 3
, and surface area of 1.12 cm 2 ), and incubated for 24 h in a humidified incubator supplemented with 5% CO 2 at 37°C. Following the 24-h exposure period, the treatment media was removed from both apical and basolateral sides and replaced with fresh assay II buffer with (apical) or without (basolateral) fluorescein (10lM). Samples (100 ll) were removed from the basolateral compartment at various time points (0-90 min) and replaced with fresh buffer. The concentration of fluorescein in the samples was determined using a Chameleon microplate spectrophotoflurometer (485-nm excitation and 530-nm emission wavelengths). Permeability was expressed as the percent flux of the fluorescein marker across the rBMEC monolayers over time (mean ± SD, n ¼ 3). The apparent permeability coefficient was calculated as previously described using the following Equation 1 (Karlsson and Artursson, 1992 
where, dQ/dt is the flux across the cell monolayers, A is the surface area of the membrane, and C 0 is the initial concentration of fluorescein.
Materials and statistics. The Ag-NPs were a gift from Nanocomposix (San Diego, CA). The formulation of the Ag-NPs is as follows: 25 nm (50 mg/ml) are polyvinylpyrrolidone (PVP) coated (PVP 40 kDa), the 40-nm Ag-NPs (9.2 mg/ml) are PVP coated (PVP 10 kDa), and 80 nm (49 mg/ml) PVP coated (PVP 40 kDa). ELISA kits for PGE 2 , TNF, IL-1B, and IL-2 were purchased from R&D Systems. All remaining media, media supplements, and reagents were obtained from Sigma Chemical Company (St Louis, MO). Statistical analyses of the various treatment effects were determined using nonparametric Kruskal-Wallis ANOVA with Tukey multiple post hoc comparisons of means. For all studies, statistical significance was designated as p < 0.05, unless otherwise stated. 162 TRICKLER ET AL.
RESULTS

Nanoparticle Characterization Using TEM
TEM imaging of the Ag-NPs 25, 40, and 80 nm were performed to confirm primary particle size, obtain a size distribution, and observe the general morphology of the particles. In Figure 1A , the Ag-NPs 25 nm are shown with a generally spherical morphology. The size distribution of the Ag-NPs 25 nm (Fig. 1D ) revealed some sample variability with respect to size (~75% falling within 20-40 nm in size), and the overall average differs slightly from the manufacturer's specifications at 28.3 ± 9.6 nm ( Table 1 ). The Ag-NPs 40 nm (Fig. 1B) were very uniform in size and had mostly spherical morphology; however, a small percentage of the particles had a triangular morphology. Figure 1E shows the relative frequency of size measured with respect to the 40-nm Ag-NPs sample, with~86% of the particles between 40 and 55 nm in size, and the overall average size was 47.5 ± 5.6 nm ( Table 1 ). The 80-nm Ag-NPs (Fig. 1C) also display a spherical morphology; however, this sample showed the most variability in sizes present (Fig. 1F) , with~78% of the particles occurring in the 60-to 140-nm range. The overall average size of the 80-nm Ag-NPs sample was found to be 102.2 ± 32.8 nm (Table 1) .
Nanoparticle Characterization Using DLS and LDV
The DLS and LDV results are shown in Table 1 , where each particle was measured for size in solution and surface charge in Note. TEM particle size distributions were obtained by measuring using Image J with n > 100 for each sample. For DLS and LDV studies, particle were dispersed in the respective solution, vortexed for homogeneity, and then placed in either a cuvette or a folded capillary tube for measurement. n/d, not determined.
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both DI H 2 O and rBMEC complete media. The 25-nm Ag-NPs exhibited moderate aggregation in water, with a Z-average sizes of 106 nm; however, when dispersed in the rBMEC media, agglomeration increased by nearly fourfold to 393 nm (Table 1 ). The 40-nm Ag-NPs were found to have little to no aggregation in water at 54.9 nm, with only a slight average size increase to 73.9 nm when dispersed in media (Table 1) . For the 80-nm Ag-NPs, only a slight difference was observed between aggregation in water and media at 177 and 166 nm, respectively (Table 1) . However, an interesting pattern in the agglomeration was found for the 80-nm Ag-NPs. The agglomeration was found to be fairly uniform because of the PdI values being below 0.1, which means most of the aggregates formed were similar in size and could be caused by smaller particles collecting around some of the larger particles in the sample. The zeta potential values obtained for the 25-, 40-, and 80-nm Ag-NPs in water were all found to be negative at À44.2, À46.0, and À29.5 mV, respectively, which also indicate that they are stable in suspension (Table 1) .
The Cellular Association and Accumulation of Silver Nanoparticles in Rat BMEC
The cellular association of the various sized Ag-NPs (25, 40, and 80 nm) was evaluated to determine the extent of adherence with primary rat BMEC (Fig. 2) . There was a size-dependent accumulation observed for Ag-NPs in the rBMEC cells at both experimental times evaluated. At 30-min postexposure, the accumulation of 25 or 40 nm Ag-NPs were approximately 8.5-or 6-fold higher, respectively, when compared with 80-nm Ag-NPs. At 60-min postexposure, the accumulation of 25-nm Ag-NPs increased to approximately 10, whereas the 40-nm Ag-NPs remained sixfold when compared with 80-nm Ag-NPs. With the exception to the 40-nm Ag-NPs, there was an observed time-dependent accumulation increase for the 25-and 80-nm Ag-NPs.
The Cytotoxicity Profile of Various Sized Silver Nanoparticles
The cytotoxicity profile of the various sized Ag-NPs (25, 40, and 80 nm) was determined by the mitochondrial dependent conversion of XTT reagent in primary rat BMEC at 24 h postexposure (Fig. 3) . The Ag-NPs showed significant decreased cell viability at the higher concentrations examined (25 and 50 lg/cm 3 ). Ag-NPs of 25-and 40-nm size showed significantly decreased cell viability at both 25 and 50 lg/cm 3 . In contrast, Ag-NPs of 80-nm size only exhibited significant decreased cell viability at 50 lg/cm 3 .
rBMEC Monolayer Morphology Following Exposure to Various Silver Nanoparticles
The morphology of rBMEC monolayers were evaluated microscopically after exposure to various sized Ag-NPs (Figs. 4a-d) . When compared with control monolayers, the various sized Ag-NPs produced significant morphological changes in the rat BMEC (Figs. 4a-d) . These morphological changes appear to be size dependent. Treatment with 25-nm Ag-NPs, the rat BMEC monolayers showed significantly more cellular damage with the appearance of large perforations in the monolayers (Fig. 4b ) when compared with control monolayers. Treatment with 40-and 80-nm Ag-NPs also produced some cell morphology alterations; however, the perforations are observed to be significantly smaller and less frequent (Figs. 4c  and 4d ). 
Prostaglandin E 2 Release in rBMEC
The release of PGE 2 from the rat BMEC monolayers was evaluated at various time intervals (0-8 h) following exposure to various sized Ag-NPs (25, 40, and 80 nm) (Fig. 5) . The exposure of 25-nm Ag-NPs produced significant increases (fourfold) in PGE 2 release at 4-h postexposure when compared with control monolayers. The fourfold increase was persistent at 8-h postexposure. In addition, lipopolysaccharide (LPS) (positive control) exposure produced significant increased (approximately fivefold) PGE 2 release at 2-h postexposure that persisted for the entire experimental period (8 h). The larger Ag-NPs (40 and 80 nm) had no observable effect on PGE 2 release from rBMEC.
Cytokine Release in Rat BMEC
The time release profile of TNFa, IL-1b, and IL-2 and were determined in rat BMEC monolayers in response to various sized Ag-NPs (Figs. 6 and 7) . TNF was released from the rat BMEC following all treatments at 4-h postexposure (Fig. 6) . With the exception of the 80-nm Ag-NPs, significant release of TNF (at least fourfold) was observed following exposure to 25-and 40-nm Ag-NPs and LPS at 4-h postexposure (Fig. 6) . The amount of TNF released following 25-nm Ag-NPs was similar when compared with the positive control (LPS) (approximately sixfold) at 8 h. Furthermore, at 8-h postexposure to Ag-NPs, the amount of TNF released displays a size-dependent profile at approximately sixfold, fivefold, and threefold for 25-, 40-, and 80-nm Ag NPs, respectively. The release of IL-1b also showed a time-dependent profile following exposure to various sized Ag-NPs (Fig. 7) . However, exposure to 25-nm Ag-NPs produced a significant release of IL-1b (approximately fourfold) as early as 2 h when compared with control. At 4-h postexposure, significant increases of IL-1b (approximately fivefold) were observed for 25-and 40-nm Ag-NPs, and these increases were similar to LPS. At 8-h postexposure, significant increases in IL-1b release were only observed for 25-nm Ag-NPs and LPS (7-fold and 14-fold, respectively) when compared with control monolayers. The release of IL-2 from the rat BMEC over the experimental period examined was unremarkable (data not shown).
Silver Nanoparticle Exposure Effects Permeability in rBMEC
The permeability effects were determined by evaluating the transport of fluorescein across rBMEC cell monolayers following apical (blood side) exposure to various sized Ag-NPs (Fig. 8) ; 25-nm Ag-NPs significantly increased the permeability of fluorescein (from the apical compartment to the basolateral compartment) across the rBMEC monolayers over the 90-min experimental time frame. The magnitude of the effect was nearly twofold. However, 40-nm Ag-NPs only produced significant increased permeability at the 90-min time point. The magnitude of the effect was approximately 1.3-fold. The change in permeability for rBMEC monolayers exposed to 80-nm Ag-NPs was unremarkable when compared with control monolayers. To further evaluate the changes in permeability following exposure to Ag-NPs, the apparent permeability coefficients were determined ( Table 2 ). The apparent permeability coefficients rank orders clearly demonstrate size-dependent permeability effects following exposure to Ag-NPs, with Ag-25 > Ag-40 > Ag-80 % Control.
DISCUSSION
Currently, there are several consumer products that contain various silver nanoparticles for their antimicrobial properties. The impact on human health of these metallic colloidal nanoparticles has not been adequately evaluated. With respect to BBB function and neurotoxicity, the reports are limited. These limited studies have shown that silver nanoparticles introduced into the systemic blood supply can induce BBB dysfunction, astrocyte swelling, in addition to, causing neuronal degeneration in vivo (Sharma et al. 2009a (Sharma et al. , 2009b Tang et al., 2009 ). Tang and colleagues suggested the brain accumulation of silver ions by inductively coupled plasma mass spectrometry following subcutaneous injection (62.8 mg/kg) of silver nanoparticles but not silver microparticles (Tang et al., 2009) . Sharma et al. (2009a) demonstrated the leakage of Evan's blue dye and radioiodine following iv (30 mg/kg) or ip (50 mg/kg) administration of Ag-NPs. Sharma et al. (2009b) further suggested that the increased cerebral microvasculature permeability involves reactive oxygen species (ROS) generation because the increased permeability was attenuated by nanowireantioxidant therapy following chronic exposure of Ag-NPs in vivo (Sharma et al., 2009b) . Although increased BBB permeability has been shown, little is known about the responses at the cellular level following Ag-NPs exposure. Therefore, the current report identifies a time-dependent proinflammatory response induced by Ag-NPs in a size-dependent manner at the cellular level in rBMEC, which is further evidenced by the increased BBB permeability of fluorescein. To our knowledge, this report is the first to evaluate the proinflammatory response and integrity of the BBB in vitro following exposure to Ag-NPs.
In the current study, the cellular association of Ag-NPs induces the increased release of various proinflammatory mediators (TNF, IL-1B, and PGE 2 ). The time-dependent profile and increased release of these particular proinflammatory mediators significantly correlate with the increased rBMEC permeability following exposure to Ag-NPs and further suggest that morphological changes in rBMEC monolayer integrity are associated with increased permeability. With respect to the cerebral microvasculature, previous studies have shown that immunological, chemical, or physical insult can cause a dysfunction of the BBB and well documented both in vitro and in vivo to include proinflammatory mediators like TNF, IL-1B, and PGE 2 (Abraham et al., 1996; Barone and Feuerstein, 1999; Boje, 2001; Buttini et al. 1996; Caserta et al., 1998 , Dallasta et al., 1999 , de Vries et al., 1996 Huber et al. 2001; Mark et al. 2001; Mayhan 2002; Perry et al., 1997; Ponnampalam and Mayberg, 2004; Sharief et al., 1992; Ujiie et al., 2003; Wahl and Schilling, 1993; Webb and Muir, 2000) . Further, the release of cytokines following cerebral microvasculature damage has been linked to oxidative free radical generation and growth factors (Calingasan et al., 2000; Duchini, 1996; Ergenekon et al., 2004; Fiala et al., 1997; Hartung et al. 1992) . The generation of ROS have been shown to be associated with toxicity following Ag-NPs exposure both in vitro and in vivo Rosas-Hernandez et al., 2009; Wang et al., 2009) . TNF or IL-1B have both been shown to increase brain microvascular permeability and linked with several second messengers including vasodilators like PGE 2 and nitric oxide both in vitro (Didier et al., 2003; Deli et al., 1995; de Vries et al., 1996; Fiala et al., 1997; Mark and Miller, 1999; Mark et al., 2001; Trickler et al., 2005) and in vivo (Abraham et al., 1996; Mayhan, 2002; Saija et al., 1995; Tsao et al., 2001; Trickler et al., 2005) .
With respect to the responses in the cerebral microvasculature that have been shown to induce alterations in BBB integrity discussed above, there are several lines of evidence supporting the results in this report. First, the current studies clearly indicate that Ag-NPs accumulate and interact with the cerebral microvasculature in this in vitro model of the BBB. To our knowledge, this is the first report to utilize ultravioletvisible spectroscopy as a rapid method to quantitatively evaluate the accumulation of Ag-NPs in biological samples. Although the magnitude of the fraction accumulated with the cerebral microvasculature cells observed in the present study was below 6% of the total dose normalized by total cellular protein (Fig. 2) , the percentage accumulated was depended on the size of Ag-NPs and sufficient to cause cytotoxicity in rBMEC at concentrations of 7.8 lg/cm 2 and above (Fig. 2) . Similar in vitro results have been reported elsewhere in other cell types (Carlson et al., 2008; Hussain et al., 2006; Mahmood et al., 2010) . Carlson et al. (2008) demonstrated that Ag-NPs exposure produced cells with morphologically abnormal size and adherence characteristics with significant uptake of Ag-NPs at high doses after 24 h in alveolar macrophages. In addition, cellular viability significantly decreased with increasing dose (10-75 lg/cm 3 ) of Ag-NPs (15 and 30 nm) following 24 h of exposure. Furthermore, these studies demonstrated 24 h of exposure to Ag-NPs (15 nm); significant inflammatory responses were observed by the release of TNF, MIP-2, and IL-1B from alveolar macrophages (Carlson et al., 2008) . Mahmood et al. (2010) further demonstrated that at various concentrations Ag-NPs accumulated in a relatively short time in two cell lines (MLO-Y4 osteocytic cells and HeLa cervical cancer cells) and exposure significantly affected the size and shape of the cells for both cell types. Microscopic studies by Hussain et al. (2006) showed that nanoparticles and agglomerates were effectively internalized by PC-12 cells producing cellular shrinkage and irregular membrane borders. In addition, these studies showed that Ag-NPs produced significantly more BLOOD-BRAIN BARRIER INFLAMMATION AND INCREASED PERMEABILITY IN RBMEC cytotoxicity than similar dose of manganese nanoparticles (Hussain et al., 2006) .
With respect to cellular morphological changes, the current study also clearly demonstrates alterations in cellular morphology following exposure to Ag-NPs in rBMEC. The interactions of the Ag-NPs with rBMEC induce cellular damage in the observed monolayers with the appearance of perforations in the monolayers. The observed perforations appear to be dependent on the size of Ag-NPs (Figs. 4b-d ) when compared with control (Fig. 4a) . The size-dependent morphology changes in the rBMEC monolayers following the exposure of Ag-NPs were further evidenced with smaller Ag-NPs significantly increasing the fluorescein permeability compared with monolayers treated with larger Ag-NPs and control monolayers (Fig. 8 and Table 2 ). Furthermore, the size-dependent permeability changes associated with the exposure to Ag-NPs also correlate well with the release patterns of proinflammatory mediators in this report . Together, the release time profiles for PGE 2 , TNF, and IL-1B clearly show that the response for larger Ag-NPs (40 and 80 nm) was significantly diminished when compared with significantly more profound proinflammatory response observed with smaller Ag-NPs (25 nm).
In contrast with the results reported in this study, Sheikpranbabu et al. (2009) reported that Ag-NPs (40-50 nm) inhibit vascular endothelial growth factor (VEGF) and IL-1B-induced vascular permeability and cellular proliferation in porcine retinal endothelial cells via Src-dependent pathway . This may illustrate the significance of the methodologies used, species differences, or the tissue origin of the cells. However, significant methodology differences in exposure time maybe the contributing factor contrasting these studies (6 h compared with 24 h). Indeed, Gurunathan et al. (2009) and Kalishwarala et al. clearly demonstrate that Ag-NPs are antiangiogenic inhibiting VEGFinduced cellular proliferation at 24 h of exposure. However, both these reports also show that Ag-NPs inhibit the cell survival pathway phosphatidylinositol 3-kinase (PI3K)/Akt, clear enhancement of caspase 3 activity, and evidence of induction of apoptosis after 24 h of exposure in bovine retinal endothelial cells Kalishwaralal et al., 2009) . Therefore, it appears that the time of exposure is of considerable importance and further investigation maybe warranted. However, species differences and tissue origin of the cells should not be overlooked.
Together, the data in the current report provide compelling evidence that systemic exposure of Ag-NPs can result in cerebral microvascular damage and dysfunction dependent on Ag-NPs size, with smaller Ag-NPs producing stronger inflammatory responses correlated with increased cerebral microvascular permeability, whereas the effects produced by the larger Ag-NPs were much less profound. These inflammatory-mediated increases in cerebral microvascular permeability allow the entry of molecules and substances into the brain tissues that are normally sequestered in the systemic blood supply and may contribute concomitantly to further brain inflammation and neurotoxicity.
